While less than 1.5% of the mammalian genome encodes proteins, it is now evident that the vast majority is transcribed, mainly into non-protein-coding RNAs. This raises the question of what fraction of the genome is functional, i.e., composed of sequences that yield functional products, are required for the expression (regulation or processing) of these products, or are required for chromosome replication and maintenance. Many of the observed noncoding transcripts are differentially expressed, and, while most have not yet been studied, increasing numbers are being shown to be functional and/or trafficked to specific subcellular locations, as well as exhibit subtle evidence of selection. On the other hand, analyses of conservation patterns indicate that only ∼5% (3%-8%) of the human genome is under purifying selection for functions common to mammals. However, these estimates rely on the assumption that reference sequences (usually ancient transposon-derived sequences) have evolved neutrally, which may not be the case, and if so would lead to an underestimate of the fraction of the genome under evolutionary constraint. These analyses also do not detect functional sequences that are evolving rapidly and/or have acquired lineage-specific functions. Indeed, many regulatory sequences and known functional noncoding RNAs, including many microRNAs, are not conserved over significant evolutionary distances, and recent evidence from the ENCODE project suggests that many functional elements show no detectable level of sequence constraint. Thus, it is likely that much more than 5% of the genome encodes functional information, and although the upper bound is unknown, it may be considerably higher than currently thought.
Only a tiny fraction of the human genome is currently recognized to encode functional products, mainly mRNAs (∼2.2%) ) plus a limited number of structural and regulatory RNAs, including microRNAs and other non-proteincoding RNAs . Perplexingly, the currently estimated number of human protein-coding genes (∼20,000) (International Human Genome Sequencing Consortium 2004; Goodstadt and Ponting 2006 ) is similar to those of the sea urchin (∼23,000) (Sea Urchin Genome Sequencing Consortium 2006) and the nematode worm (∼19,000) (Stein et al. 2003) , and substantially less than that of the protist Tetrahymena thermophila (∼27,000) (Eisen et al. 2006) , despite enormous differences in their developmental complexity. Thus, it is unclear where the information that programs human development resides and how it is different from that of simpler organisms.
Part of the answer to this conundrum lies in the use of alternative splicing by complex organisms to expand the diversity of their proteomes (Xing and Lee 2006) , although this requires a concomitant increase in regulatory information. In contrast to microorganisms, multicellular eukaryotes have extensive intronic and intergenic sequences whose extent broadly increases with developmental complexity (Taft et al. 2007) . Thus it is possible that the non-protein-coding sequences in mammalian genomes contain large amounts of regulatory information used to program the complexities of mammalian development, including tetrapod body plan, placental development, and a highly developed brain, particularly in humans (Mattick 2007; Taft et al. 2007 ). This possibility is made all the more intriguing by the recent discovery that the vast majority of the mammalian genome is transcribed, apparently in a developmentally regulated manner (see below).
However, while making some allowance for regulatory elements, and on the expectation that most genetic information is transacted by proteins, these extensive non-protein-coding sequences in humans and other mammals have been generally assumed to be nonfunctional, and mostly evolving without constraint, even though the fraction of noncoding sequences that are genetically inert is uncertain. Here we reassess the evidence concerning the amount of the human genome that is functional and under selection. We define functional sequences as those that (1) are required for replication and structural integrity of the chromosome, (2) encode functional products (RNAs and derived proteins), or (3) are required for the correct four-dimensional expression (regulation or processing) of these products during ontogeny and homeostasis. These include sequences that may act as required spacers, for example, between domains in proteins or RNAs, or in promoters, whose exact sequence may not be critical but that have a role in the functionality of the entity as a whole.
First, we review the amount and likely function of the transcriptional output of the genome. Second, bearing in mind that sequence conservation imputes function but is by definition a relative measure, we show that estimates of the extent of the genome that may be evolving "neutrally" (i.e., without obvious constraint, and by implication nonfunctional) are dependent on background assumptions of the nonfunctionality of certain classes of sequences, which may be questioned. Third, following from this, we suggest that the fraction of the genome under purifying selection may have been underestimated due to underestimation of the neutral rate of evolution. Finally, we show that experimentally validated gene regulatory sequences and functional noncoding RNAs are evolving at quite variable rates, often relatively quickly compared to sequences encoding proteins, presumably reflecting different structure-function constraints and different selection pressures. Since such sequences may not be included among those exhibiting detectable evolutionary con-straint, and given the uncertainties in the measurement of the latter, it is possible that a considerable fraction of the human genome may be functional.
Transcriptional output of the genome
Recent cDNA and genome tiling array transcriptome analyses have revealed that at least 70% of the mammalian genome is transcribed, and possibly 60% of transcribed regions show evidence for transcription from both strands, in extremely complicated patterns of interlaced and overlapping transcripts, thousands of which are not polyadenylated Carninci 2007; Gerstein et al. 2007; Gingeras 2007) . These observations have been reinforced by the recent detailed studies of the ENCODE regions of the human genome, which showed that 93% of bases in these regions appear in a primary transcript with at least two independent observations and 74% are detected by at least two different technologies (The ENCODE Project Consortium 2007). Hundreds of these intergenic, intronic, and antisense non-protein-coding transcripts show cell-specific or developmental regulation (Carninci et al. 2005; Cheng et al. 2005; Katayama et al. 2005; Ravasi et al. 2006 ) which may be extrapolated to thousands (Peters et al. 2007) , and in the individual cases that have been examined in more detail, specific subcellular locations and functions (Prasanth et al. 2005; Willingham et al. 2005; Ginger et al. 2006; Ishii et al. 2006 ; for a recent review, see Mattick and Makunin 2006) , all of which may indicate function. It is also now known that all snoRNAs and one-third to one-half of microRNAs in mammals are encoded within introns (Rodriguez et al. 2004; Baskerville and Bartel 2005 ; for review, see Mattick and Makunin 2005) .
However, most of the tens of thousands of documented noncoding transcripts in mammals have not yet been studied, and it remains an open question whether they are functional or not. It has been suggested that many of these transcripts may be cell-type-specific transcriptional noise or by-products ("neutral transcription"), which may provide a reservoir for future evolution (Brosius 2005) , or biochemically functional but selectively neutral transcripts with no significant advantage or disadvantage for the organism (The ENCODE Project Consortium 2007). On the other hand, recent evidence strongly implicates noncoding RNAs in the control of chromatin architecture and epigenetic memory (Andersen and Panning 2003; Bernstein and Allis 2005; Sanchez-Elsner et al. 2006; Schmitt and Paro 2006; Rinn et al. 2007) , transcription (Janowski et al. 2005; Goodrich and Kugel 2006; Kim et al. 2006; Li et al. 2006; Martianov et al. 2007; Pagano et al. 2007) , translation (Bartel 2004; Mattick and Makunin 2005) , and possibly splicing . Indeed, although most non-protein-coding RNAs (ncRNAs) with evidence for function are evolving quickly, they do retain more highly conserved patches within them (∼600 long ncRNAs investigated in human and mouse) and 3122 other long ncRNAs show subtle evidence of selection (Ponjavic et al. 2007 ).
Genome-wide estimates of function from conservation
Initial comparison of the mouse and human genomes led to the conclusion that ∼5% of small (50-100 bp) segments are under purifying selection for biological functions common to both species (more specifically, ∼20% of all human-mouse aligned segments) (Waterston et al. 2002) , a surprisingly high figure at the time as only ∼1.2% of the human genome is protein-coding . It is important to note that Waterston et al. did not claim that this was the full extent of functional sequence in the genome as it does not include lineage-specific sequences (including transposon-derived sequences) that have diverged and/ or been exapted during adaptive radiation or conserved specifically since the divergence of rodents and primates. Comparative analyses of mammals that are widely separated in evolution have insufficient power to detect lineage-specific elements or elements in species that are evolutionarily "too close," such as those elements that became functional in our ancestral primate lineage . The initial estimate of the conserved fraction of the genome was also dependent on various parameters including the window size used for the analysis , and ranged from 3% to 8%. The latter corresponds to 40% of all aligned sequences, even though these alignments only included 83% of RefSeq annotated genes (Waterston et al. 2002; Chiaromonte et al. 2003; Roskin et al. 2003) .
Subsequent studies seeking to identify the particular segments under selection report similar results, including the most recent finding that 5% of bases are confidently predicted as being under evolutionary constraint in mammals by two out of three algorithms employed in the ENCODE project analysis (The EN-CODE Project Consortium 2007). However, since conservation is relative, all of these methods require an estimate of the underlying neutral rate of evolution, generally taken to be the substitution rate measured from some class of sequence that is expected to be evolving free of constraint, with the implicit additional assumption that there are not many functional sequences that have evolved at a net rate that is statistically indistinguishable from the estimated neutral rate .
Classes of sequence used to estimate the neutral rate of substitutions have included lineage-specific nonexonic sequences (Cooper et al. 2003 (Cooper et al. , 2004 , synonymous sites in codons (fourfold degenerate sites or 4-D sites) (Cooper et al. 2003; Margulies et al. 2003) , and alignable ancestral transposon-derived sequences (ancient repeats or ARs) (Waterston et al. 2002; Chiaromonte et al. 2003; Margulies et al. 2003; Roskin et al. 2003; Gaffney and Keightley 2006) , none of which is unbiased (see below). Indeed the true rate of neutral sequence drift may never have actually been measured for lack of identifying functionally completely unconstrained sectors of DNA (Zuckerkandl 1992) .
Lineage-specific nonexonic sequences present in two closely related species and absent from a third more distant species have been assumed to be neutrally evolving although they will include some fraction of functionally constrained sequence (Frazer et al. 2004) . Moreover, extrapolation of the measured substitution frequencies to more distantly related species is problematic and results in varying estimates of the pan-mammalian neutral rate (∼1.5-fold difference; Cooper et al. 2005) .
Synonymous sites in codons, often thought to be fully redundant, can apparently encode subtle additional information. The genetic code has been shown to be almost optimal to encode such additional information, such as binding sequences, splicing signals, and RNA secondary structure (Bollenbach et al. 2007; Itzkovitz and Alon 2007) . Synonymous sites can encode splicing regulatory information, and a high proportion of studied mutations produce a splicing defect (Pagani et al. 2005) , which is another type of constraint, and may be a frequent cause of hereditary disease (Chamary et al. 2006; Xing and Lee 2006) . They can also encode protein structural information (Kimchi-Sarfaty et al. 2007; Komar 2007 ). These conclusions are also supported by genome-wide evolutionary studies. The rate of synonymous substitutions is 1.8-fold lower in alternative compared to constitutive exons between human and mouse (Xing and Lee 2005) . There are 200 (and up to ∼1600) regions of extreme selection on synonymous codons in 11,786 pairs of homologous human and mouse genes (Schattner and Diekhans 2006) . Comparison between protein-coding and intergenic regions in human and chimp indicate that ∼39% of synonymous sites are deleterious and subject to negative selection (Hellmann et al. 2003) . Analysis of deep mammalian alignments within ENCODE regions may detect many more regions under weaker purifying selection with greater statistical power than possible with single pairwise analyses, but this has yet to be done. However, mounting evidence for functional selection and deleterious effects of mutations suggests that the assumption of neutrality of synonymous sites can no longer be maintained, and that it is possible the neutral rate cannot reliably be extracted from any sequence comparison (Chamary et al. 2006 ).
Uncertainty in the estimates of selection
The original estimate of 5% of the genome under selection for functions common to mammals is largely based on estimates of the neutral rate of evolution measured from ancient repeats. However, estimates based on ARs may be biased in two ways, although the extent of such bias is unknown: (1) the annotated and aligned ARs may comprise a slowly evolving subset of the distribution of all ARs, since the most rapidly evolving ones may have diverged to the extent of being unrecognizable or unalignable, and (2) some ARs are under, or have been subject to, purifying selection. If the fraction of ARs in either category is large, then the use of ARs as a neutral model will result in a significant underestimate of the true neutral rate and hence the fraction of the genome under selection. A third possibility is that some ARs are subject to positive selection pressures and are evolving faster than the neutral rate, leading to an overestimate of the fraction of the genome under purifying selection if significant numbers have not diverged beyond recognition. In this case, however, there will be underestimation of that fraction of the genome that encodes lineage-specific functions.
The evidence supporting the possibility of bias in the estimation of the neutral rate of evolution is as follows: First, it is evident that many ARs in mammalian genomes have diverged to the limit of detection, suggesting significant numbers are beyond recognition and cannot be identified (Smit and Riggs 1995; Smit 1999; Silva et al. 2003 ) (numbers are difficult to estimate, but the limit of detection is ∼30% divergence from the consensus and is particularly problematic in mouse; Waterston et al. 2002) . The ancestral mammalian genome is estimated at ∼2.8 Gb and extant ancestral sequences in human ∼2.2 Gb, but only ∼152 Mb of ARs are alignable with both mouse and dog (although 200 Mb is alignable with mouse and 372 Mb with dog) (Lindblad-Toh et al. 2005) , and these ARs can only be traced back ∼120 Myr (Waterston et al. 2002) . Comparisons of alignment algorithms in EN-CODE regions using sequences from 28 vertebrates including 14 mammals show that less than half of identified ARs are alignable, ranging from 24% to 47% depending on the algorithm employed (Margulies et al. 2007 ). These analyses also concluded that the measured substitution rate in ARs varies more between alignment algorithms than it does regionally in aligned sequences by any one alignment algorithm and that "the 'true' neutral rate for any given region of the human genome is thus only estimable given some nontrivial technical uncertainty" (Margulies et al. 2007 ). Thus, the large amount of ancestral sequences, particularly those that are unaligned, almost certainly includes many other AR-derived sequences that are unrecognized due their divergence (see, e.g., Mikkelsen et al. 2007 ), which, if so, will introduce a significant error in the estimate of the neutral rate, as only the more conserved fraction is being measured.
Second, the recent analysis of the opossum genome showed that 14% of all the most highly conserved noncoding elements (CNEs) and 16% of the eutherian-specific CNEs are derived from ARs (Mikkelsen et al. 2007 ). Thousands of fragments of ARs of all classes constitute at least 5.5% of the non-exonic mammalian conserved sequences and are often more highly conserved than those encoding proteins Siepel et al. 2005; Kamal et al. 2006; Lowe et al. 2007) . Substitution rates are also significantly different between different classes of ARs, as well as between ARs of different age groups within a particular class (Waterston et al. 2002; Ganapathi et al. 2005; Gaffney and Keightley 2006; Pace and Feschotte 2007; Shankar et al. 2007) , indicating that these sequences are evolving differently. Mammalian-wide interspersed repeats (MIRs), of which there are ∼300,000 copies in the genome (2% of the genome) and date back ∼130 Myr, have a lower than expected divergence from the mammalian MIR consensus, and the divergence is similar in both human and mouse even though neutrally evolving ARs should be twice as divergent in mouse than their human homologs, suggesting they are subject to selection (Silva et al. 2003) . These elements have a 70-nt central region that is more highly conserved in the genome, and a 15-to 25-nt more highly conserved core within this, the most likely explanation being selection for function (Smit and Riggs 1995; Silva et al. 2003) . Alu elements also have a core region conserved in mammals (Jelinek et al. 1980) . While transposonderived sequences (transposable elements or TEs) comprise 40%-60% of poorly conserved regions and have no identifiable ortholog, ∼20% of conserved regions are composed of TEs that do have orthologs, suggesting selection of this subset. For example, MIR and L2 elements are twofold enriched in conserved regions, and >75% of murine MIR and L2 elements have human orthologs. Therefore, these elements must be ancestral repeats under negative selection, which suggests that the exaptation of MIR and L2-derived sequences may be common (Silva et al. 2003) .
Evidence for functional exaptation of transposon-derived sequences
There are increasing numbers of transposon-derived sequences of all classes, both ancient and modern, including lineage-specific repeats, that have been shown to have undergone functional exaptation (Brosius 1999; Volff 2006 ) (also referred to as exaption, co-option, recruitment, or domestication; Silva et al. 2003) . There is longstanding evidence that transposons and their derived sequences can significantly influence the information content and output of the genome (Baltimore 1985; Finnegan 1989; Oei et al. 2004) . They have been shown to play important roles in early development (Peaston et al. 2004 ) and phenotypic variation (Whitelaw and Martin 2001) . AR sequences can introduce new splice sites, protein domains, stop codons, and other sequences and can split genes, leading to the birth of new genes or alternative isoforms (Smit 1999 AR sequences contain gene promoters (Ferrigno et al. 2001 ), which may be tissue-specific (Matlik et al. 2006; Romanish et al. 2007 ), transcription factor binding sites (Zhou et al. 2002) , enhancers (Bejerano et al. 2006) , silencers, polyadenylation signals, and other regulatory elements (Temin 1982; Hardman 1986 ), both sense and antisense (Matlik et al. 2006) , which can become inserted into intergenic, intronic, protein-coding, and UTR regions (Landry et al. 2001; Smalheiser and Torvik 2006) of the genome and subsequently alter host gene expression and tissue specificity, and so the potential for exaptation of regulatory function is widespread around the genome (Smit 1999; Jordan et al. 2003; Shankar et al. 2004; Grover et al. 2005; Hasler and Strub 2006a; Polak and Domany 2006; Thornburg et al. 2006 ). This is not to say that the transposable elements themselves are under selection, but that sequences descended from them are (Silva et al. 2003; Lowe et al. 2007 ). There are RNAs derived from TEs that are developmentally modulated (Davidson and Posakony 1982) , small RNAs from brain showing different strand biases (Berezikov et al. 2006a) , and RNAs that undergo A-to-I editing (notably in Alus) and may have important regulatory consequences (Athanasiadis et al. 2004; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004; Hasler and Strub 2006a) .
Transposon-derived sequences may also underlie the creation of regulatory networks, an idea that dates back many years (Britten and Davidson 1969; Davidson and Britten 1979) and that has modern support (Zhou et al. 2002; Peaston et al. 2004; Johnson et al. 2006) . Indeed, Barbara McClintock originally discovered transposable elements by studying "controlling elements" (McClintock 1956 ). Changes in the patterns of histone methylation in TEs in different mammalian cell types and lineages have been known for many years (Breznik et al. 1984; Nishioka 1988; Mietz and Kuff 1990; Chalitchagorn et al. 2004; Khodosevich et al. 2004; Martens et al. 2005) , and they may contribute to epigenetic gene regulation (Lippman et al. 2004; Zuckerkandl and Cavalli 2007) . TEs are a significant source of innovation of microRNAs (miRNAs)-at least 47 out of 545 human miRNAs are annotated as TEs (our updated analysis of Smalheiser and Torvik 2005) . This suggests another mechanism for generating novel regulatory networks; any TE-derived sequence that is processed into a miRNA may be complementary to, and be able to regulate the expression of, a large number of 3Ј UTRs containing similar TE-derived sequences (Smalheiser and Torvik 2006) . Thus, while transposons may be mostly parasitic and TE-derived sequences may appear to have remained inert, they have contributed to the evolution of mammalian genomes through many mechanisms that create and modify gene expression and regulatory networks.
Different rates of evolution of functional sequences
It is also clear that there are widely different rates of evolution of different types of functional sequences in mammals. Rapidly changing sequences may be interpreted as neutrally evolving and nonfunctional, as functionally important but having flexible structure-function relationships, or as functionally important and undergoing adaptive improvements by acquiring advantageous mutations (Zuckerkandl 1992) . Innovation in proteincoding sequences, which are usually governed by quite strict analog structure-function constraints, appears to be rare, whereas ∼20% of eutherian conserved non-protein-coding elements (CNEs) are recent innovations that postdate the divergence of eutheria and metatheria (Mikkelsen et al. 2007 ).
Innovation and rapid evolution is also evident in thousands of gene regulatory sequences, which cover extended genomic regions and exhibit rapid turnover (Smith et al. 2004; Fisher et al. 2006; Frith et al. 2006; Taylor et al. 2006 ). This includes the remarkable functional conservation of regulatory sequences controlling ret gene expression in zebrafish and humans, although there is little recognizable primary sequence conservation (Fisher et al. 2006) , and the independent exaptation of ARs as regulators of orthologous genes in human and rodents (Romanish et al. 2007) . Taking turnover into account, it has been estimated that the extent of functional sequences in the human genome may be twice as great as that estimated from sequence conservation alone (Smith et al. 2004) . Highly conserved epigenetic modifications can be used to identify tens of thousands of important regulatory elements, which cannot be identified by sequence conservation alone, half of which are lineage-specific (Roh et al. 2007 ). There are ∼1000 regions of the human genome over 10 kb long that do not tolerate transposable element insertions, even though primary sequence is not highly conserved (Simons et al. 2006) . Gene deserts are large regions covering >700 Mb of the human genome, which appear to harbor distant regulatory elements and are devoid of protein-coding genes and that contain rapidly evolving regions that apparently accept neutral substitutions at a higher rate than the bulk of the genome yet resist chromosomal rearrangements, suggesting they are subject to evolutionary constraints, which are not readily apparent in primary sequence, against harboring genes (Ovcharenko et al. 2005) . There are other regions of the genome that show evolutionary constraint that is not evident at the primary sequence level, including shuffled cis-regulatory elements (Sanges et al. 2006) , regions subject to heterogeneous selection, which are evolving rapidly in primary sequence but slowly with respect to indels (Lunter et al. 2006) , the distances between ultra-conserved elements (Sun et al. 2006) , and regions predicted to contain common RNA secondary structure (Washietl et al. 2005) or highly constrained RNA tertiary structures that may have weak constraints on primary sequence or cryptic patterns of non-WatsonCrick base pair conservation (Lescoute et al. 2005) .
Different rates of evolution also occur both within and between different classes of functional gene products, both RNAs and proteins. While the majority of protein-coding sequences are highly constrained, some are much more flexible, or under positive selection (Bustamante et al. 2005) . As Kimura (1968) originally pointed out, many substitutions in protein-coding sequences appear to be neutral or nearly neutral, but this does not mean that the segments in which they reside are nonfunctional, simply that they are relatively plastic. In addition, Zuckerkandl (1992) notes that Kimura's selectively neutral mutations are selectively equivalent and thus do not preclude them being functional. The first few hundred miRNAs to be discovered are highly conserved ), but hundreds of more recently discovered miRNAs are not, being lineage-or even species-specific (Berezikov et al. 2006a,b; Piriyapongsa and Jordan 2007; ) and expanding in the mammalian lineage (Hertel et al. 2006) . There are also thousands of recently discovered small RNAs (piRNAs) expressed in testis that are not conserved between mouse and other species (Aravin et al. 2006; Girard et al. 2006; Lau et al. 2006 ).
As mentioned above, hundreds of longer ncRNAs, including the Xist and Tsix transcripts involved in X chromosome dosage Pheasant and Mattick compensation, are evolving quickly (Nesterova et al. 2001; Pang et al. 2006) . A recent study of 3122 mouse long ncRNAs with weak evidence for purifying selection on their primary sequences nonetheless showed clear evidence for selection when their promoters, indel distribution, and conserved splice sites were considered (Ponjavic et al. 2007 ). There is also evidence of recent positive selection of ncRNAs in human, such as the HAR1 transcript expressed in particular regions of the brain (Pollard et al. 2006) . Although functionally validated RNAs do not presently add up to a large fraction of the genome, they do (1) illustrate the point that low conservation of the primary sequence does not necessarily equate to or demonstrate lack or loss of function (Zuckerkandl 1992; Smith et al. 2004; Xing and Lee 2005; ) and (2) point to the possibility that many functional transcripts, particularly regulatory ncRNAs, may not be highly conserved over significant evolutionary distances, presumably because of more relaxed structure-function constraints and/or positive selection for regulatory variants associated with phenotypic radiation and adaptive evolution.
Consistent with this, the recent analysis of the ENCODE regions concluded that "many functional elements are seemingly unconstrained across mammalian evolution" (The ENCODE Project Consortium 2007). This has been interpreted to indicate that there may be many sequences that are "biologically active but provide no specific benefit to the organism" (The ENCODE Project Consortium 2007). However, this apparent contradiction can be readily resolved if the actual neutral rate of evolution is higher than current estimations. These observations are also consistent with the possibility that many of these apparently weakly constrained sequences encode lineage-specific functional elements and/or functionally similar but nonorthologous elements that have been subject to rapid drift. The problems with detecting which sequences, and in determining the extent of sequences, in the genome that may be under evolutionary con- (Siepel et al. 2005) . In black below this are alignments of human with chimp, rhesus, mouse, rat, rabbit, dog, cow, armadillo, and elephant. "Repeating Elements by RepeatMasker" shows an ancient repeat annotated as a MIR, which is 27% divergent from the MIR consensus, near the limit of detection. "MSA Consensus Constrained Elements" shows eight regions predicted to be conserved by at least one algorithm ("Loose" set), two regions predicted to be conserved by at least two algorithms in at least two alignments ("Moderate" set), and no regions predicted to be conserved by all algorithms in all alignments ("Strict" set). "TBA phastCons Conservation," "TBA GERP Conservation," and "TBA SCONE Conservation" show conservation scores over the TBA alignment from phastCons, GERP, and SCONE algorithms, respectively. "TBA Conserved Elements," "MLAGAN Conserved Elements," and "MAVID Conserved Elements" show elements predicted conserved based on the scores from the phastCons, BinCons, GERP, and SCONE algorithms across alignments from TBA, MLAGAN, and MAVID, respectively (Margulies et al. 2007 ) (image from http://genome.ucsc.edu/). The figure illustrates several difficulties in identifying selective constraints from regions that are not highly conserved: (1) conserved blocks are predicted within ARs assumed to evolve neutrally; (2) conservation scores vary depending on the species aligned (phastCons scores in the top panel are different from scores in TBA phastCons scores); (3) patterns of identified conservation vary between algorithms over the same alignment (compare the pattern of TBA scores from phastCons, GERP, and SCONE); and (4) conserved element predictions based on these scores vary between different algorithms on the same alignment as well as between the same algorithm over different alignments (compare phastCons, BinCons, and GERP elements over TBA, MLAGAN, and MAVID alignments). Figure 1 , which shows a close-up view of a region within an intron of the ST7 gene in the ENCODE CFTR region and illustrates several difficulties in identifying selective constraints from regions that are not highly conserved.
A common objection to the possibility that mammalian genomes may contain large amounts of functional sequence under weak selection is the prediction that only strongly advantageous or disadvantageous alleles are subject to selection in mammals due to their small effective population sizes, and thus alleles that have a small functional impact evolve neutrally. This objection is apparently contradicted by the "unexpected strength of natural selection" in synonymous sites discussed in Chamary et al. (2006) . In addition, Zuckerkandl (1992) points out that functionality in the more rapidly evolving noncoding regions of the genome cannot be negated on the basis of other observations that support both neutralist and alternative interpretations.
How much of the genome might be functional?
The assumption that recognizable ARs are nonfunctional and are representative leads to the conservative estimate that 3%-8% of genomic regions are under purifying selection in mammals. However, it is clear that all estimates of the extent of neutrally evolving segments of the human genome, and reciprocally of those under selection and imputed to be functional, are entirely dependent both qualitatively and quantitatively on the assumption of the neutral evolution of extant ARs, which may or may not be correct, but which is at least subject to doubt. Evidence continues to mount that AR-derived sequences can modify genetic output, and that both individual ARs and classes of ARs are evolving non-neutrally. There may also be significant underrepresentation of faster-evolving unrecognized or unaligned ARs, with the consequence that the extent of purifying selection in mammals, and hence the proportion of functional sequences, may be significantly underestimated. Moreover, there are significant discrepancies and difficulties in estimating the presumed neutral rate (Margulies et al. 2007 ), all of which are dependent on the underlying assumptions and parameters and which may be interpreted differently. Unfortunately, however, the available data in large part do not permit distinction between, nor assessment of the extent of, sequences that may be inert and evolving without constraint versus those that are functional and evolving at different rates under different structure-function constraints and different selection pressures, with different evolutionary histories, especially those involved in gene regulation. It therefore remains an open question whether the majority of the genome is evolving neutrally and whether it may be functional or not. A recent study has shown that a substantial fraction of purifying selection in human noncoding sequences occurs outside of previously identified conserved noncoding sequences and is diffusely distributed across the genome. This finding suggests that there are many human noncoding variants that may impact gene expression and phenotypic traits, most of which will have escaped detection with current approaches to genome analysis (Asthana et al. 2007) .
It seems clear that 5% is a minimum estimate of the fraction of the human genome that is functional, and that the true extent is likely to be significantly greater. If the upper figure of 11.8% under common purifying selection in mammals from ENCODE (Margulies et al. 2007 ) is realistic across the genome as a whole, and if turnover and positive selection approximately doubles this figure (Smith et al. 2004) , then the functional portion of the genome may exceed 20%. It is also now clear that the majority of the mammalian genome is expressed and that many mammalian genes are accompanied by extensive regulatory regions. Thus, although admittedly on the basis of as yet limited evidence, it is quite plausible that many, if not the majority, of the expressed transcripts are functional and that a major component of genomic information is rapidly evolving regulatory DNA and RNA. Consequently, it is possible that much if not most of the human genome may be functional. This possibility cannot be ruled out on the available evidence, either from conservation analysis or from genetic studies , but does challenge current conceptions of the extent of functionality of the human genome and the nature of the genetic programming of humans and other complex organisms.
